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Abstract. In this study, we consider the impact of eddy tur-
bulence on temperature and atomic oxygen distribution when
the peak of the temperature occurs in the upper mesosphere.
A previous paper (Vlasov and Kelley, 2010) considered the
simultaneous impact of eddy turbulence on temperature and
atomic oxygen density and showed that eddy turbulence pro-
vides an effective mechanism to explain the cold summer and
warm winter mesopause observed at high latitudes. Also,
the prevalent role of eddy turbulence in this case removes
the strong contradiction between seasonal variations of the
O density distribution and the impact of upward/downward
motion corresponding to adiabatic cooling/heating of oxy-
gen atoms. Classically, there is a single minimum in the
temperature proﬁle marking the location of the mesopause.
But often, a local maximum in the temperature is observed
in the height range of 85–100km, creating the appearance
of a double mesopause (Bills and Gardner, 1993; Yu and
She, 1995; Gusev et al., 2006). Our results show that the
relative temperature maximum in the upper mesosphere (and
thus the double mesopause) can result from heating by eddy
turbulence. According to our model, there is a close connec-
tion between the extra temperature peak in the mesosphere
and the oxygen atom density distribution. The main feature
of the O density height proﬁle produced by eddy turbulence
in our model is a double peak instead of a single peak of O
density. A rocket experiment called TOMEX conﬁrms these
results (Hecht et al., 2004). Applying our model to the results
of the TOMEX rocket campaign gives good agreement with
both the temperature and oxygen proﬁles observed. Clima-
tology of the midlatitude mesopause and green line emission
shows that the double mesopause and the double layers of the
green line emission, corresponding to the double O density
height proﬁle, are mainly observed in spring and fall (Yu and
She, 1995; Liu and Shepherd, 2006). Further observations of
the oxygen atom densities and the double mesopause would
improve our understanding of the impact of turbulence on
critical mesospheric parameters.
Keywords. Atmospheric composition and structure (Mid-
dle atmosphere – composition and chemistry) – Meteorol-
ogy and atmospheric dynamics (Middle atmosphere dynam-
ics; Turbulence)
1 Introduction
Neutral temperature measurements in the mesosphere and
lower thermosphere (MLT) can be made using several dif-
ferent methods: Na, K, and Fe lidar measurements, radar
tracking of inﬂatable falling spheres, and measurements of
the O2 atmospheric bands and CO2 infrared emission. One
of the curious features of the temperature height distribution
is a relative maximum of the temperature in the upper meso-
sphere. This extra peak has been observed many times (Bills
and Gardner, 1993; Yu and She, 1995; Gusev et al., 2006)
and has been associated with a double mesopause. An ex-
ample of the temperature height proﬁle measured by Yu and
She (1995) is shown in Fig. 1. According to the climatology
of a midlatitude mesopause region inferred by Yu and She
(1995), the double mesopause is observed in spring and fall.
The thermal balance of the mesosphere and lower thermo-
sphere (MLT) is controlled by radiative heating due to ab-
sorption of solar UV radiation by O2 and O3, by chemical
heating from exothermic reactions, by radiative cooling asso-
ciated with infrared emission of CO2, and heating and cool-
ing induced by dynamic processes (Brasseur and Solomon,
1986). The latter includes compression/expansion caused by
downward/upward motion associated with the gravity wave-
driven meridional circulation, as well as direct heating due to
gravity wave dissipation and turbulent diffusion from break-
ing gravity waves. The Kelvin-Helmholtz instability (KHI),
caused by sheared ﬂow, can also contribute to eddy turbu-
lence. Heating and cooling by the diurnal contraction and
expansion of the MLT can also occur (for example, see
Tohmatsu, 1990).
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Fig. 1. Temperature height proﬁles observed by Yu and She (1995)
(solid curve) and given by the MSISE-90 model (dashed curve).
It is well known that turbulence mixing of the main con-
stituents provides the homosphere within which the mean
molecular mass does not change and the height distributions
of the main constituents have the same scale height (Banks
and Kockarts, 1973). Atomic oxygen plays an important role
in heating of the MLT due to energy released by exothermic
three-body recombination of O atoms. This process is the
most important chemical heating process in the upper meso-
sphere. Cooling by infrared radiation from CO2 also plays a
very important role in the heat budget in the MLT. Thermal
excitation of CO2 during collisions between CO2 and atomic
oxygen is a source of this infrared radiation in the 15-µm
band. Localized cooling can also occur due to eddy trans-
port in the presence of a temperature gradient (Gordiets and
Kulikov, 1981; Vlasov and Kelley, 2010).
Atomic oxygen density is sensitive to transport by eddy
turbulence and mass-averaged motion. In our previous pa-
per (Vlasov and Kelley, 2010), we showed the effect of dy-
namic processes on the thermal balance of the upper meso-
sphere, together with the effect of these processes on atomic
oxygen density. It was shown that seasonal variations of
the O density and the altitude of the [O] peak, calculated
with upward/downward motion corresponding to adiabatic
cooling/heating, are opposite to the seasonal variations given
by the MISIE-90 model (Hedin, 1991). The [O] transport
due to eddy diffusion can eliminate this contradiction, and
cooling/heating due to eddy heat transport and dissipation
of turbulent energy is more important than adiabatic cool-
ing/heating in explaining the cold summer and warm winter
mesopause at high latitudes. Turbulence has been observed
by a variety of techniques (see, for example, Hocking, 1990;
Fukao et al., 1994; Kelley et al., 2003). The impact of eddy
turbulence on the [O] density inﬂuences chemical heating
and radiative cooling in the upper mesosphere and, at the
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Fig. 2. Chemical heating in equinox due to atomic oxygen recom-
bination.
same time, eddy turbulence can either cool or heat the meso-
sphere, depending on its height distribution.
The goal of this paper is to estimate the role of eddy turbu-
lence in the production of a double mesopause and splitting
of the atomic oxygen layer in the mesosphere because both
phenomena are observed during the same period, namely, at
equinox. We model the impact of this process on the tem-
perature and atomic oxygen density proﬁles and compare the
results to published experimental data. To our knowledge,
this is the ﬁrst attempt to relate the double mesopause to the
atomic oxygen distribution.
2 A summary of primary processes in the upper
mesosphere
Consider the primary processes in the normal mid-latitude
MLT. Chemical heating plays an important role in the upper
mesosphere due to the exothermic reaction
O+O+M→O2+M (R1)
Height proﬁles of the heating rate of this reaction calcu-
lated using the neutral composition given by the MSISE-90
model in winter and summer are shown in Fig. 2. The maxi-
mum value of this heating estimated by Smith et al. (2003) is
12Kday−1. Also, additional heating due to the exothermic
reaction,
H+O3 →OH+O2 (R2)
is important at night. Note in the upper mesosphere that the
ozone density strongly depends on the O density according
to the formula (Brasseur and Solomon, 1986),
[O3]=
k2[M][O2][O]
JO3 +k3[O]
≈
k2[M][O2][O]
JO3
(1)
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where JO3 is the ozone photodissociation coefﬁcient. The
heat released by other chemical reactions given in Table 1 is
small. Thus, atomic oxygen plays the most important role in
chemical heating in the upper mesosphere.
Heating due to absorption of solar radiation by molecular
oxygen and ozone occurs in the upper mesosphere. However,
this heating is also smaller than chemical heating.
The main heat loss in the upper mesosphere is due to in-
frared radiation of CO2 in the 15-µm band excited by the
collision of CO2 with atomic oxygen:
CO2+O→CO2

0110

+O (R3)
Radiative de-excitation and radiation absorption must be
taken into account. Radiation absorption in the 15-µm band
of CO2 may result in a considerable reduction in the radiative
cooling rate at heights below 100km. We used a parameteri-
zation developed by Fomichev et al. (1993) to calculate cool-
ing by this infrared radiation. In conclusion, atomic oxygen
plays the most important role in heating and cooling of the
upper mesosphere.
Eddy diffusion induces a downward ﬂux of atomic oxy-
gen below the turbopause. An increase in this ﬂux causes
a net decrease in atomic oxygen density because of atomic
oxygen transport to the recombination region. Thus, the im-
pact of eddy turbulence on thermal balance is not limited to
eddy conductivity and dissipation of turbulence energy be-
cause eddy turbulence can also change chemical heating and
radiative cooling induced by Reactions (R1), (R2), and (R3),
respectively.
3 Heating and cooling by eddy turbulence
There are different approaches and numerical models for es-
timating the heating/cooling rates induced by gravity waves
in the MLT (Medvedev and Klaassen, 2003; Becker, 2004;
Akmaev, 2007; Becker and McLandress, 2009). All models
start from the ubiquity of gravity waves and then calculate
the heating/cooling corresponding to the different dynamic
processes induced and driven by these waves. Some models
estimate the eddy diffusion coefﬁcient, as mentioned in the
introduction. However, we start from eddy turbulence and
try to estimate the corresponding heating/cooling rates. In
this case, the heating/cooling rate of eddy turbulence is given
by the formula (see, for example, Fritts and Luo, 1995),
Qed=
∂
∂z

KecCpρ

∂T
∂z
+
g
Cp

+Kecρ
g
Tc

∂T
∂z
+
g
Cp

,(2)
where Kecc is the eddy heat conductivity, ρ is the undis-
turbed gas density, g is the gravitational acceleration, T is
the temperature, Cp is the speciﬁc heat at constant pressure,
and c is a dimensionless constant commonly taken to be 0.8
(L¨ ubken, 1997; Hocking, 1999). The ﬁrst term on the right
side of Eq. (2) is the heat ﬂux divergence corresponding to
Table 1. Exothermic reactions and rate coefﬁcients.
Reaction Rate coefﬁcient
O+O+M→O2+M k1 =4.7×10−33(300/T)2
O+O2+M→O3+M k2 =6×10−34(300/T)2.4
O+O3 →O2+O2 k3 =8×10−12exp(−2060/T)
H+O3 →OH+O2 k4 =1.4×10−10exp(−470/T)
O+OH→O2+H k5 =2.2×10−11exp(120/T)
O+HO2 →OH+O2 k6 =3×10−11exp(200/T)
k1 and k2 in units cm6 s−1; k3−k6 in units cm3 s−1
heat transport. The second term is the turbulent energy dis-
sipation rate initiated by the dynamic instability of gravity
waves. Note, for example, that the ﬁrst term presents the
divergence of heat ﬂux corresponding to the heat ﬂux given
by Becker (2004) for the parameter Preff = 1 and the heat
ﬂux given by Eq. (23) in Akmaev (2007). The second term
is similar to the total wave energy disposition rate per unit
mass, ε =Kω2
B/c (Weinstock, 1978), where ωB is the buoy-
ancy frequency given by Eq. (5) and the parameter c can
be associated with the turbulent Prandtl number, P. Great
debate exists about the value of the turbulent Prandtl num-
ber. First, this problem is due to different assumptions about
gravity wave energy transport and dissipation and localized
or uniform induced turbulence. However, this problem is not
within the scope of this paper. We restrict our calculations of
turbulent heating/cooling only to different values of c.
In addition, dynamic instability is induced by large verti-
cal shears of horizontal wind that is not necessarily due to
gravity waves,
S =
h
(∂u/∂z)2+(∂v/∂z)2
i1/2
(3)
where u and v are the zonal and meridional wind pro-
ﬁles. We emphasize that the peak temperature in the up-
per mesosphere is observed at altitudes above 90km where
shearbecomesveryimportantintheproductionofturbulence
(Larsen, 2002). Dynamic instability is characterized by the
Richardson number, deﬁned as
Ri =
ω2
B
S2 (4)
where
ω2
B =
g
T

∂T
∂z
+
g
Cp

. (5)
The atmosphere is considered to be dynamically unstable
when 0 < Ri < 1/4 (Peixoto and Oort, 1992). Note that
the positive temperature gradient needed for the temperature
peak in the upper mesosphere increases the buoyancy fre-
quency and the Ri value. Large wind shears are necessary
for small Ri and are needed to support dynamic instability
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Fig. 3. Heating by eddy turbulence calculated with Ri=0.8 (dashed
line), Ri=0.4 (dashed-dotted line), and Ri=0.3 (dotted line) plus
other parameters: K0
ec =2×104 cm2 s−1, Km
ec =2×106 cm2 s−1,
S1 = 0.02km−1, S2 = 0.04km−1, S3 = 0.02km−2, T0 = 211K.
The vertical line shows the Kec peak altitude.
during the double mesopause. Note in our case that c=Rf0
is the dynamic Richardson number statistically steady turbu-
lent motion, Rf0 =Ri/P.
Consider the heating/cooling due to eddy turbulence in de-
tail. The altitude proﬁle of Kec is given by the widely used
approximation suggested by Shimazaki (1971):
Kec = K0
ecexp[S1(z−zm)]+

Km
ec−K0
ec

exp[−S2(z−zm)]2
z < zm (6)
Kec =Km
ecexp
h
−S3(z−zm)2
i
z>zm (7)
where S1, S2, and S3 are reciprocals of the scale heights, zm
is the height of the Kec peak, and K0
ec and Km
ec are values at
the low boundary and in the peak, respectively.
The total heating/cooling due to both dissipation of the tur-
bulent energy and to eddy heat conduction is shown in Fig. 3.
These values are calculated using the mean temperature pro-
ﬁle with T0 =211K at 80km. The heating peak is located at
about 5–6km below the Kec peak. Note that heat conductiv-
ity corresponding to the ﬁrst term on the right side of Eq. (2)
can heat or cool the mesosphere. Cooling dominates at high
altitudes where the Kec gradient (Eq. 2) is negative and heat-
ing dominates below the Kec peak where the gradient is pos-
itive. Heating/cooling strongly depends on the value of c,
which is equal to the Ri value for a Prandtl number equal to 1
(uniform turbulence). We will consider this problem below.
We now consider the experimentally determined mean
temperature proﬁles having double temperature minima as
constructed by Yu and She (1995) using three years of li-
dar data taken over Fort Collins, Colorado. According to the
data, double mesopauses are observed in spring and fall and
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Fig. 4. Heating rate proﬁle corresponding to the double mesopause
shown in Fig. 1 and calculated with Ri=0.5 and P =1.
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Fig. 5. The eddy heat conductivity coefﬁcient proﬁle used to calcu-
late the heating rate proﬁle shown in Fig. 4. This is based on eddy
diffusivity and taking P =1.
are less common in summer and winter. A mean tempera-
ture proﬁle with a double mesopause in March is shown in
Fig. 1 (Yu and She, 1995). The height proﬁles given by mod-
els MSIS-90 and CIRA-86 are also shown. The measured
temperatures between 90 to 100km are higher than the tem-
peratures given by empirical models. The heating rate due
to eddy turbulence needed to explain the mean temperature
proﬁle given by Yu and She (1995) is shown in Fig. 4. The
Kec height distribution is shown in Fig. 5.
As seen from Figs. 4 and 5, the heating peak induced by
turbulence is located below the Kec peak altitude. Note that
the Kec altitude is very close to the wind shear peak (Larsen,
2002).
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Fig. 6. Dependence of the maximum heating rate on the Richardson
number for the eddy diffusion shown in Fig. 5 and corresponding to
conditions for the heating rate shown in Fig. 4.
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Fig. 7. Temperature height proﬁle calculated with the heating rate
shown in Fig. 4 and the other processes discussed in Sect. 2.
As seen from Fig. 6, the eddy turbulence heating signif-
icantly depends on the Richardson number for uniform tur-
bulence, P =1. This means that the eddy heat conductivity
needed to produce the temperature peak observed in the up-
per mesosphere decreases with decreasing Ri.
AsseenfromFig.5, theeddyheatconductivitypeakcorre-
sponding to this heating is located at 98km with a Kec max-
imum value of 2×106 cm2 s−1. This Kec value is less by a
factor of 3 than the value estimated by Gordiets and Kulikov
(1981) and Vlasov and Korobeynikova (1991) as the lower
limit of the Kec peak value for producing a temperature peak
in the upper mesosphere. According to their modeling, the
temperature proﬁle signiﬁcantly differs from the usual pro-
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Fig. 8. The [O] height proﬁle shown by the lowest curve calculated
with the eddy diffusion coefﬁcient shown in Fig. 5. The proﬁle
shown by the middle and upper curves corresponds to calculations
with S3 increased by a factor of 2 and 4, respectively.
ﬁle if the eddy diffusion coefﬁcient exceeds 6×106 cm2 s−1.
The temperature height proﬁle calculated with the heat-
ing/cooling rates shown in Fig. 4, together with the other less
important processes discussed in Sect. 2, is shown in Fig. 7.
This proﬁle is in good agreement with the mean measured
proﬁle shown in Fig. 1.
Note that the term “eddy heat conductivity” corresponds
to the diffusive heat transport, which coincides with the eddy
momentum transport for P = 1 because P = Ked/Kec (for
example, see Gordiets and Kulikov, 1981). In this case, we
can use the eddy diffusion coefﬁcient, Ked, equal to the eddy
heat conductivity for calculating the atomic oxygen distribu-
tion. The [O] height proﬁle calculated with this Ked is shown
by the dashed curve in Fig. 8. This [O] proﬁle has two peaks.
The upper peak is mainly produced by eddy and molecular
diffusion and the lower peak is produced by photochemistry
and eddy diffusion. Vlasov and Davydov (1993) ﬁrst showed
that a height proﬁle of atomic oxygen with two peaks could
be induced by eddy and molecular diffusion together with
photochemistry. As seen from the [O] height proﬁles shown
in Fig. 8, the splitting depth of the [O] layer strongly depends
on the value S3, which characterizes the negative gradient
of the eddy diffusion coefﬁcient above the Kec peak. How-
ever, a steep negative gradient induces strong cooling above
the temperature peak in the upper mesosphere. The simul-
taneous measurements of the temperature peaks and the [O]
double layers are needed to make future progress.
Emission height proﬁles with two peaks radiated by
atomic oxygen were observed by WINDII on UARS (Liu
and Shepherd, 2006) and The Turbulent Oxygen Mixing Ex-
periment (TOMEX) (Hecht et al., 2004). TOMEX com-
bined rocket and Na lidar measurements of mesospheric
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Fig. 9. Height proﬁle of the heating rate calculated with the Ked
height distribution from the appropriate TIME-GCM model for
TOMEX (Hecht et al., 2004). The altitude of the T peak is shown
by the arrow.
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Fig. 10. Temperature height proﬁles measured by the TOMEX lidar
(solid line) (Hecht et al., 2004) and calculated by the model (dashed
line).
parameters. The temperature peak of about 230K was mea-
sured at approximately 85km altitude using a sodium lidar.
According to the TIME-GCM model, the eddy heat conduc-
tivity coefﬁcient corresponding to the calculated temperature
with an 86km peak has a maximum at 98km altitude with a
maximum value of 2.5×106 cm2 s−1. Using this Kec proﬁle
and the temperature proﬁle with an 86km peak, we can cal-
culate the heating rates and height proﬁles of these rates as
shown in Fig. 9. The heating maximum is at 93km altitude,
an altitude signiﬁcantly higher than the temperature maxi-
mum altitude given by the TIME-GCM model. According
to our model (see, for example, Figs. 1 and 4), the tempera-
Fig. 11. Height proﬁles of atomic oxygen density inferred from
the green line emission measured during the TOMEX (solid line),
calculated by the model (dashed line), and given by the MSISE-90
model (dashed-dotted line).
ture maximum is located around the heating rate peak. Our
model shows that the eddy coefﬁcient peak must be at an alti-
tude of 92km to provide a temperature proﬁle with the 86km
peak given by the TIMED-GCM model. Thus, a consider-
able difference appears to exist between the model described
here and the one used for TIME-GCM, even when applied
to their parameters. That is, the eddy diffusion properties in
TIME-GCM do not seem to be consistent with their temper-
ature proﬁle. One of the main causes for the difference be-
tween our results and those of the TIME-GCM model may be
signiﬁcant uncertainty in the cooling rate in the mesosphere.
However, using the eddy heat conductivity coefﬁcient with
the parameters Km
ec = 2.5×106 cm2 s−1 and zm = 100km,
which are close to the parameters used by the TIMED-GCM
model, our model reproduces the temperature height proﬁle
with the 97km peak measured by Hecht et al. (2004). This
result can be seen from the measured and calculated proﬁles
shown in Fig. 10.
The height proﬁle of atomic oxygen density derived from
the rocket-borne green line photometer data is shown in
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Fig. 11. This proﬁle has two peaks at altitudes of 85km and
100km (Hecht et al., 2004). Using the TIME-GCM model,
Hecht et al. (2004) tried to describe the observed height dis-
tributions of atomic oxygen and temperature. The model cal-
culations showed that the [O] proﬁle had only one peak at
90.5km altitude.
Our model reproduces an [O] height proﬁle with two
peaks, shown in Fig. 11. In this case, the maximum of the
eddy diffusion coefﬁcient is located at an altitude of 92km
and the Ked maximum value is 2×106 cm2 s−1. As also
shown above, the heating corresponding to this eddy turbu-
lencecanprovideatemperaturemaximumof230K,whichis
close to the T maximum measured during the rocket exper-
iment. These model results show that a very close connec-
tion exists between the temperature peak and atomic oxygen
density.
Note that eddy turbulence heating occurs below the Kec
peak. These important features should be taken into account
in estimating the eddy diffusion coefﬁcient from data on the
energy dissipation rate. For example, the eddy diffusion co-
efﬁcients inferred by L¨ ubken (1997) from energy dissipation
rates should most likely be shifted to higher altitudes.
4 Conclusions
We studied heating and cooling in the upper mesosphere due
to dissipation of gravity waves as described by eddy tur-
bulence, eddy conductivity, chemical heating, and radiative
cooling. Heating by eddy turbulence occurs at altitudes be-
low the eddy diffusion coefﬁcient peak. This feature should
be taken into account when the eddy diffusion coefﬁcient is
inferred from data on turbulent energy dissipation. The eddy
diffusion heating rate depends on the Ked maximum value
and the Ked gradient below the peak. The role of both pa-
rameters is comparable, and an increase in heating is possible
due to the Ked maximum increase and/or the Ked gradient in-
crease. Also, the heating maximum depends on both param-
eters. The main cooling by eddy turbulence occurs above the
Ked peak altitude and strongly increases with an increasing
negative gradient in the Ked height distribution.
The eddy turbulence heating rate strongly depends on the
Richardson number. Usually the temperature peak is located
in the area corresponding to high wind shear. Dynamic in-
stability needs a large wind shear because of the positive
temperature gradient below the peak. We suggest that the
wind shear may be strongest during equinox when the global
change of atmospheric circulation occurs. As far as we know,
seasonal variations of wind shear have not been published.
Wealsoconsideredsplittingoftheatomicoxygendistribu-
tionpeak, whichisobservedduringthesameperiodwhenthe
double mesopause is observed. According to our results, this
splitting is produced at the altitude transitions from uniform
eddy turbulence to localized turbulence and then to molecu-
lardiffusion, andthedepthofthegapstronglydependsonthe
negative gradient of the eddy diffusion coefﬁcient above the
Ked peak. Our results show that the eddy turbulence height
distribution used to produce the double mesopause also can
be used to produce an [O] height proﬁle with small splitting.
However, deep splitting also requires a steep negative gradi-
ent of the Ked height proﬁle above the Ked peak to induce
strong cooling above the temperature maximum in the upper
mesosphere. The main result of this study is that eddy tur-
bulence can provide the temperature peak (associated with
the double mesopause) and the atomic oxygen double layer
in the upper mesopause. This may explain why both phe-
nomena are observed during the same period. We empha-
size that more simultaneous measurements of the tempera-
ture peak and the [O] double layer in the upper mesosphere
are needed to check our approach. At the same time, analyz-
ing the experimental data based on this approach will be very
important in understanding the main features of eddy turbu-
lence and in solving the problem of uniform and localized
turbulence in the MLT.
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